In some ascomycete fungi, ribosomal protein S3 (Rps3) is encoded within a group I intron (mL2449) that is inserted in the U11 region of the mitochondrial large subunit rDNA (rnl) gene. Previous characterization of the mL2449 intron in strains of Ophiostoma novo-ulmi subspecies americana (Dutch Elm Disease) revealed a complex genes-within-genes arrangement whereby a LAGLIDADG homing endonuclease gene (HEG) is inserted into the RPS3 gene near the 3# terminus, creating a hybrid Rps3-LAGLIDADG fusion protein. Here, we examined 119 additional strains of Ophiostoma and related taxa representing 85 different species by a polymerase chain reaction-based survey and detected both short (;1.6 kb) and long (.2.2 kb) versions of the mL2449 intron in 88 and 31 strains, respectively. Among the long versions encountered, 21 were sequenced, revealing the presence of either intact or degenerated HEG-coding regions inserted within the RPS3 gene. Surprisingly, we identified two new HEG insertion sites in RPS3; one near the original C-terminal insertion site and one near the N-terminus of RPS3. In all instances, the HEGs are fused in-frame with the RPS3-coding sequences to create fusion proteins. However, comparative sequence analysis showed that upon insertion, the HEGs displaced a portion of the RPS3-coding region. Remarkably, the displaced RPS3-coding segments are duplicated and fused in-frame to the 3# end of RPS3, restoring a full-length RPS3 gene. We cloned and expressed the LAGLIDADG portion of two Rps3-HEG fusions, and showed that I-OnuI and I-LtrI generate 4 nucleotide (nt), 3# overhangs, and cleave at or 1 nt upstream of the HEG insertion site, respectively. Collectively, our data indicate that RPS3 genes are a refuge for distinct types of LAGLIDADG HEGs that are defined by the presence of duplicated segments of the host gene that restore the RPS3 gene, thus minimizing the impact of the HEG insertion on Rps3 function.
Introduction
Homing endonuclease genes (HEGs) code for rare cutting DNA endonucleases. HEGs are encoded within group I or group II introns, as in-frame fusions with inteins, or as free-standing open reading frames (ORFs, Gimble 2000; Belfort et al. 2002; Toor and Zimmerly 2002) . The association of HEGs with self-splicing RNA or protein elements is thought to be a mutualistic relationship, where the selfsplicing elements provide the HEGs with a phenotypically neutral insertion site to minimize damage to the host genome, while the homing endonuclease (HEase) promotes mobility of the self-splicing element to related genomes (Belfort and Perlman 1995; Lambowitz et al. 1999; Schäfer 2003) . In contrast, free-standing HEGs are usually found inserted in intergenic regions between genes, thus minimizing their impact on the host genome. Regardless of their insertion site, HEGs function as mobile elements by introducing a double-strand break (DSB), or nick, in genomes that lack the endonuclease coding sequence. The homing process is completed by host DSB-repair (DSBR) pathways that use the HEG-containing allele as a template to repair the DSB (Dujon 1989; Dujon and Belcour 1989; Belfort et al. 2002; Haugen et al. 2005; Stoddard 2005 ). The repair results in the nonreciprocal transfer of the HEG into the HEG-minus allele, and is usually associated with coconversion of markers flanking the HEG insertion site (Belfort et al. 2002) . In the case of HEGs encoded within introns or inteins, coconversion of flanking markers ensures that the self-splicing element is inherited during the mobility process. Studies on some intron-encoded HEGs demonstrated that HEGs are mobile elements that can move independent of their ''host'' self-splicing introns (Mota and Collins 1988; Sellem et al. 1996; Sellem and Belcour 1997; Gibb and Hausner 2005) . These observations support the concept that HEGs have the potential to invade different genomic locations, or self-splicing introns and inteins, to create composite mobile genetic elements (Belfort and Roberts 1997; Belfort 2003) .
There are four families of HEase proteins (Chevalier and Stoddard 2001) designated by the presence of conserved amino acid sequence motifs: the GIY-YIG, HisCys box, HNH, and LAGLIDADG families (Jurica and Stoddard 1999; Guhan and Muniyappa 2003) . Recently, a fifth family has been recognized, an HEase encoded within a group I intron that interrupts cyanobacterial tRNA genes and that is similar to PD/E.X.K type restriction enzymes (Bonocora and Shub 2001; Zhao et al. 2007 ). The LAGLIDADG endonucleases are the largest known family and are encountered in some bacteria and bacteriophages, and in organellar genomes of protozoans, fungi, plants, and sometimes in early branching Metazoans (Stoddard 2005) . LAGLIDADG endonucleases possess one or two of the conserved LAGLIDADG amino acid sequence motifs, with the single-motif forms functioning as homodimers and the double-motif forms functioning as monomers (Chevalier and Stoddard 2001) . The double-motif types are thought to have evolved by gene duplication of an ancestral single-motif HEG followed by a fusion event (Lambowitz et al. 1999; . Although LAGLIDADG endonucleases commonly function to promote mobility, they can also function as maturases to facilitate splicing of their respective host introns (Caprara and Waring 2005) .
Fungal mitochondrial genomes appear to be in constant flux, in part due to the activities of group I and group II introns (Clark-Walker 1992; Belcour et al. 1997; Salvo et al. 1998; Gobbi et al. 2003; Hausner 2003; Schäfer 2003; Gibb and Hausner 2005) . Mitochondrial introns and their ORFs have been associated with mitochondrial instabilities in Saccharomyces cereviseae, Podospora anserina, Neurospora crassa, and Ophiostoma ulmi (Dujon 1989; Cummings et al. 1990; Lambowitz and Perlman 1990; Abu-Amero et al. 1995) , and mitochondrial DNA (mtDNA) introns are sometimes components of plasmid-like elements (Cummings et al. 1986 (Cummings et al. , 1990 Dujon 1989; Abu-Amero et al. 1995; Sethuraman et al. 2008) . One interesting polymorphism within ascomycetes mitochondria is a pervasive group I intron that is inserted within the U11 region of the mtDNA rnl (large subunit rDNA) gene at a position that corresponds to Escherichia coli LSU position 2449 (Johansen and Haugen 2001) . Encoded within the rnl U11 intron (also referred to as the mL2449 intron) is an ORF for the putative ribosomal protein S3 (Burke and RajBhandary 1982; reviewed in Gibb and Hausner 2005) . The ribosomal protein was originally referred to as S5, but more recently this ORF and the free-standing mtDNA var1 gene were recognized as RPS3 homologs (Bullerwell et al. 2000) . In spite of being encoded within an intron, the Rps3 protein appears to be functional and in N. crassa is incorporated into mitochondrial ribosomes (LaPolla and Lambowitz 1981) . By encoding an essential host gene such as RPS3, the optional group I intron ensures its persistence in the mitochondrial genome, because deletion of the intron would also delete the RPS3 gene, presumably a lethal event. Interestingly, previous studies have shown that RPS3 itself might be a target of HEGs; in strains of Cryphonectria parasitica and Ophiostoma novo-ulmi subspecies americana, a complex ORF is embedded within the mL2449 intron, where a double-motif LAGLIDADG-type coding region is fused in-frame to the C-terminus of the RPS3-coding region (Hausner et al. 1999; Gibb and Hausner 2005; Sethuraman et al. 2008) . This arrangement suggests a recent insertion of a mobile LAGLIDADG HEG into some RPS3 alleles, as other filamentous ascomycetes lack a HEG/maturase within this intron (Gibb and Hausner 2005) .
Here, we surveyed species of Ophiostoma and related taxa for the presence of HEGs within the RPS3 gene in order to gain a better understanding on the distribution and persistence of LAGLIDADG HEGs within this mtDNA locus. This study focussed on species of Ophiostoma, fungi that frequently are associates of bark beetles and are of economic importance as many are causal agents of blue stain in sapwood, and some species are potential plant pathogens (Wingfield et al. 1993) . We find that LAGLIDADG HEGs are widespread in Ophiostoma and related taxa and define three distinct insertion sites of the HEG within the RPS3 gene; one similar to the previously described insertion site and two novel sites. Multiple HEG insertions were also noted within the same RPS3-coding region. We biochemically characterized two HEGs: I-OnuI (from O. novo-ulmi subspecies americana), showing that it cleaves RPS3 alleles that lack the HEG precisely at the site of insertion and I-LtrI (from Leptographium truncatum), which cleaves an HEG-minus RPS3 allele 1 bp downstream from its insertion site. Our data are consistent with the hypothesis that the LAGLIDADG HEGs are mobile endonucleases, promoting their spread between RPS3 alleles, and are not involved in the mobility of the mL2449 group I intron. Moreover, our data raise intriguing questions as to the function of the Rps3-HEG fusions and suggest that HEG mobility promotes the transduction of flanking sequence.
Materials and Methods

Source and Maintenance of Fungal Cultures and DNA Extraction Protocols
Strains used in this study were from previous rDNA phylogenetic studies (Hausner et al. 1993 (Hausner et al. , 2000 Hausner and Reid 2003) . The sources for all strains used in this study are listed in supplementary table 1S, Supplementary Material online. All strains were cultured in petri dishes containing 2% malt extract agar (20 g malt extract [Difco, Michigan] supplemented with 1-g yeast extract [YE; Gibco, Paisly, United Kingdom] and 20-g bacteriological agar [Gibco] per liter). From these cultures, agar plugs were removed and used to inoculate 125-ml flasks containing 50 ml of PYG liquid medium (1 g peptone, 1 g YE, and 3 g glucose per liter) to generate biomass for DNA or RNA extraction (Hausner et al. 1992) . The liquid cultures were still grown at 20°C for up to 5 days and then harvested onto Whatman #1 filter paper via vacuum filtration. The harvested mycelium was homogenized by vortexing in the presence of 4 ml (volume) of small glass beads (equal ratio of 0.5-and 3-mm beads) in 6 ml of extraction buffer (10 mM Tris-HCl pH7.6, 1 mM ethylenediaminetetraacetic acid [EDTA] , 50 mM NaCl, 1% hexadecyl trimethyl ammonium bromide, and 0.5% sodium dodecyl sulfate [SDS] ) and then incubated at 60°C for 2 h. The lysate was mixed with an equal volume of chloroform and centrifuged at 2,000 Â g. About 5 ml of aqueous layer was recovered and mixed with 12 ml of ice cold 95% ethanol. The precipitated DNA was centrifuged for 30 min at 3,000 Â g, and the resulting pellet resuspended in 400 ll Tris-EDTA buffer (Tris-HCl, 1.0 mM EDTA, pH 7.6).
Polymerase Chain Reaction (PCR) Amplification, Cloning of PCR Products, and DNA Sequencing A PCR-based survey utilizing primers IP1 and IP2 (Bell et al. 1996) was conducted in order to examine the mt-rnl U11 intron in members of Ophiostoma and related taxa for the presence of potential HEG insertions. Between 50 and 100 ng of whole-cell DNA served as a template for PCR reactions. Taq polymerase, buffers, and deoxyribonucleotide triphosphates were obtained from Invitrogen (Life Technologies, Burlington,ON) and used according to the manufacturer's recommendations. Typically, PCR conditions were as follows: an initial denaturation step of 94°C for 3 min was followed by 25 cycles of denaturing (93°C for 1 min), annealing (52.9°C for 1 min 30 s) and extension (70°C for 4 min 30 s) followed by cooling the reactions to 4°C. PCR fragments were separated by gel electrophoresis through a 1% agarose gel in Tris-borate-EDTA buffer (89 mM Tris-borate buffer with 10 mM EDTA at pH 8.0). DNA fragments were sized using the 1-kb-plus DNA ladder (Invitrogen) and the DNA fragments were visualized by staining with ethidium bromide (0.5 lg/ml).
PCR products were used directly as templates for DNA sequence analysis or products cloned using the Topo TA cloning kit (Invitrogen). The PCR products were purified with the Wizard SV Gel and PCR clean-up system (Promega), and plasmid DNA was purified using the Wizard Plus Minipreps DNA purification system (Promega). The sequencing reactions were performed at the University of Calgary Core DNA services facility (Calgary, AB). Table 1 lists the strains that were examined by DNA sequence analysis and also provides the GenBank accession for sequences obtained in this study. Initially, sequencing employed the IP1 and IP2 primers, or when appropriate for cloned PCR products, the M13 forward and reverse primers were used; thereafter, nested primers were designed as needed. DNA sequences were obtained for both strands. Oligonucleotides used in this study were synthesized by Alpha DNA (Montreal, Que, Canada).
Reverse Transcriptase-PCR (RT-PCR) Analysis for the rnl-U11 Segment RNA was isolated from strain O. novo-ulmi subsp. americana WIN(M) 900 using the RNeasy kit for total RNA isolation (Qiagen Sciences, MD) with some modifications. Initially, the mycelium was ground in liquid nitrogen. However, once the cell walls were broken, the RNA was extracted and purified following the yeast protocol of the RNeasy kit. The RNA was treated with DNase (Ambion) following the manufacturer's recommendation, and 1 lg of RNA was used as template for RT-PCR using the ThermoScript RT-PCR system (Invitrogen) according to manufacture's recommendations. First-strand synthesis was carried out with primer IP2 at a final concentration of 10 lM and subsequent PCR amplification was carried out with primers Lsex-2R (CCTTGGCCGTTAAAT-GCGGTC) and IP2 (10 lM concentration). The PCR products generated by the RT-PCR reaction were cloned into the Topo TA cloning kit (Invitrogen) and sequenced with primers Lsex2-R-RT (TAGACGAGAAGACCCTATGCAG) and IP2 (CTTGCGCAAATTAGC) (Bell et al. 1996) .
Sequence and Phylogenetic Analysis
The individual sequences were assembled manually into contigs using the GeneDoc program v2.5.010 (Nicholas et al. 1997) . The ORF Finder program (http://www. ncbi.nlm.nih.gov/gorf/gorf.html) was used (setting: genetic code for mtDNA of molds) to search for potential ORFs within the rnl-U11 group I introns. The online resource BlastP (Altschul et al. 1990 ) was used to retrieve sequences that were related to the putative ORFs obtained from our strains (table 1) . Sequences were aligned and refined manually with the aid of the GeneDoc program. For phylogenetic analyses, only those segments of the alignment where all sequences could be aligned unambiguously were retained. Phylogenetic estimates were generated by the programs contained within the PHYLIP package (Felsenstein 1989 (Felsenstein , 2005 and the MrBayes program v3.1 (Ronquist and Huelsenbeck 2003; Ronquist 2004) . In PHYLIP, a phylogenetic tree was obtained by analyzing the alignment with the PROTPARS (protein parsimony algorithm, version 3.55c) program in combination with bootstrap analysis (SEQBOOT) and CONSENSE to obtain the majority rule consensus tree along with an estimate of confidence levels for the major nodes within the phylogenetic tree (Felsenstein 1985) . Phylogenetic estimates were also generated within PHYLIP using the NEIGHBOR program using distance matrices generated by PROTDIST (setting: Dayhoff PAM250 substitution matrix; Dayhoff et al. 1978) .
The MrBayes program was used for Bayesian analysis. The amino acid substitution model setting for Bayesian analysis was as follows: mixed models and gamma distribution with four gamma rate parameters. The Bayesian inference of phylogenies was initiated from a random starting tree and four chains were run simultaneously for 1,000,000 generations; trees were sampled every 100 generations. The first 25% of trees generated were discarded (''burn-in'') and the remaining trees were used to compute the posterior probability values. Phylogenetic trees were drawn with the TreeView program (Page 1996) using PHYLIP tree outfiles or MrBayes tree files and annotated with Corel Draw (Corel Corporation and Corel Corporation Limited).
Expression and Purification of I-OnuI and I-LtrI
For expression of I-OnuI and I-LtrI in E. coli, codonmodified versions of these genes were constructed synthetically, taking into account differences between the fungal mitochondrial and E. coli genetic code (BioS & T, Montreal, Que, Canada). Both the I-OnuI and I-LtrI genes were cloned into pBlueScript II SKþ, and then subcloned into pTOPO-4 (Invitrogen). Subsequently, the I-OnuI and I-LtrI sequences were moved into pET200/D-TOPO (Invitrogen) with the Nterminal His-tag intact to generate pI-OnuI and pI-LtrI, which were subsequently transformed into E. coli strain ER2566 (New England Biolabs, NEB) for expression studies.
To express and purify I-OnuI or I-LtrI, a 10-ml E. coli culture containing pI-OnuI or pI-LtrI was grown overnight and diluted 1:100 into 1 l of Luria-Bertani media. The 1 l culture was grown at 37°C until A 600 ; 0.4, shifted to 27°C , and expression induced by adding isopropyl-b-Dthiogalactopyranoside to a final concentration of 1 mM. After additional growth for 2.5 h, cells were harvested by centrifugation at 5000 rpm for 5 min and the pellet was frozen at À80°C. For protein purification, the frozen cells were thawed in the presence of protease inhibitor (Roche Diagnostic) and resuspended in 10 ml of lysis buffer (20 mM Tris-HCl, pH 7.9, 500 mM NaCl, 40 mM imidazole and 10% glycerol) per 1 gm of wet cell weight. Cells were disrupted by homogenization followed by centrifugation at 27,200 Â g for 25 min at 4°C. The supernatant was sonicated to facilitate DNA fragmentation, and centrifuged at 20,400 Â g for 15 min at 4°C. The supernatant was applied to a HisTrap HP Affinity column (GE Healthcare) that had been charged with 0.1 M NiSO 4 and equilibrated with binding buffer (20 mM Tris-HCl, pH 7.9, 500 mM NaCl, 40 mM imidazole, and 10% glycerol). Bound proteins were eluted with elution buffer (20 mM Tris-HCl pH7.9, 500 mM NaCl, and 10% glycerol) over a linear gradient of imidazole from 0.08 to 0.5 M, and 500-ll fractions were collected over 50 ml. To prevent precipitation, 500 ll of 2 M NaCl and 10 ll of 0.5 M EDTA, pH 8.0, were added to peak fractions. The peak fraction was loaded directly onto a Superdex 75 gel-filtration column (GE Healthcare) equilibrated with lysis buffer without immidazole. Fractions were collected in 0.25-ml aliquots over 25 ml. Peak-containing fractions were pooled and aliquoted and frozen at À80°C.
Endonuclease Assays
In vitro cleavage assays were carried out with the IOnuI protein using a variety of possible substrates: 1) The RPS3-HEG-minus sequence was PCR amplified from O. novo-ulmi subsp. americana strain WIN(M) 904 (Gibb and Hausner 2005) and inserted into a pTOPO-4 (Invitrogen) vector. This construct (pRPS3) provided the HEGminus target substrate for cleavage and mapping assays; 2) a complete RPS3-HEG fusion was synthetically constructed (BioS & T) and inserted into pET200/D-TOPO (Invitrogen) to create pRPS3/HEG. This construct served as the HEG-containing substrate for cleavage assays; and 3) the mt-rnl-U7 region was amplified from Ceratocystis polonica strain WIN(M) 1409 using primers LSEX-1 (GCTAGTAGAGAATACGAAGGC) and LSEX-2 (GACC GCATTTAACGGCCAAGG) (Sethuraman et al. 2008 ) and inserted into the TOPO-4 vector. This construct, pU71409, served as a negative control for the cleavage assay.
Cleavage assays were carried out by incubating 200 ng of plasmid substrate in a total volume of 20 ll containing 1 ll of I-OnuI (25 ng), 2 ll NEB Buffer #3 (100 mM NaCl, 50 mM Tris-HCl, pH 7.9, 10 mM MgCl 2 , and 1 mM dithiothreitol) and 17 ll of H 2 O at 37°C. Aliquots were taken at 5-min intervals for 30 min and stopped by the addition of loading buffer and stop solution (0.1 M Tris-HCl, pH 7.8, 0.25 M ED-TA, 5% w/v SDS, 0.5 lg/ml proteinase K). Reactions were analyzed by agarose gel electrophoresis and fragments were visualized by staining with ethidium bromide (0.5 lg/ml). Ceratocystiopsis minuta-bicolor
a ''S'' indicates the absence of an HEG insertion whereas ''L'' suggests the presence of an insertion within the mL2449 encoded RPS3 gene. b Positions based on A, B, and C designations in figure 2. 
Cleavage Site Mapping for I-OnuI and I-LtrI
In order to determine the cleavage sites for I-OnuI and I-LtrI, PCR products that included the putative cleavage site located near the 3# end of the RPS3-coding sequence were amplified from pRPS3 with primers end labeled on the noncoding (top) or coding (bottom) strand. The substrate molecule for the I-OnuI assay was a 201-bp product amplified by using primers 900FP1 (AAATTAAATTCTAATA-TGC) and IP2 (Bell et al. 1996) . Primers were 5#-end labeled with OptiKinase (USB, Cleveland, OH) according to the manufacturer's protocols using [c-32 P]ATP. The 201-bp amplicons were generated using either 900FP1 or IP2 5#-end-labeled primers; thus, substrates could be generated where either the coding or the noncoding strands were labeled. The end-labeled PCR products were incubated with 1 ll I-OnuI for 10 min at 37°C in 20-ll reaction mixtures consisting of 5-ll substrate, and 1Â NEB Buffer #3. The resulting cleavage products were resolved on a denaturing 6% polyacrylamide/urea gel (19:1 acrylamide:bisacrylamide) and electrophoresed alongside the corresponding sequencing ladders obtained from pRPS3 using the endlabeled primers (900FP1 and IP2) (USB Biologicals).
The substrate for the I-LtrI assay was an RPS3 PCR product derived from the HEG-minus strain of L. truncatum WIN(M)1435. The cleavage site mapping assay was performed as for I-OnuI, but the following primers were used for generating the cleavage substrate and corresponding DNA-sequencing ladders: 254synclmap1: AAAGATAAT-AAAGATATTGTAT TTG and IP2.
Results
The rnl U11 Intron and a PCR-Based Survey for RPS3 HEG Insertions
The rnl-U11 intron was previously characterized from a variety of filamentous ascomycetes such as P. anserina, C. parasitica, and O. novo-ulmi subsp. americana (reviewed in Hausner 2003; Gibb and Hausner 2005) , and classified as a group I intron belonging to the IA1 subgroup based on sequence data and structural features. To confirm that this region indeed represents an intron, we performed RT-PCR on total RNA isolated from O. novo-ulmi subsp. americana strain WIN(M)900. Using primers that flank the intron insertion site, a 3-kb product was amplified from genomic DNA ( fig. 1, lane 1) , whereas a 0.65-kb product was amplified from cDNA, the size expected to result from ligation of exons after intron splicing ( fig. 1, lane 3) . We confirmed that the 0.65-kb product corresponded to ligated exons by cloning and sequencing the product, showing that the U11 insertion is indeed an intron. Based on the sequence obtained from the RT-PCR product, the splice junction was as follows: 5#exon-TAGGGAT/intron/AACAGG-3#exon. The intron insertion site corresponds to position L2449 of the E. coli LSU rDNA.
To assess the diversity of HEG insertions within RPS3 genes that are encoded in the mL2449 group I intron, we performed a PCR-based survey with primers IP1 and IP2 that flank the mL2449 insertion site using total DNA isolated from 119 strains of ophiostomatoid fungi representing 85 species. Two categories of PCR products were amplified: short (1.6-kb) products for 88 strains, and long (2.4-to 3.0-kb) products for 31 strains (supplementary table  1S , Supplementary Material online, table 1). Based on previous work on ophiostomatoid fungi and related taxa (Gibb and Hausner 2005; Sethuraman et al. 2008) , we assumed that short PCR fragments most likely represented RPS3 genes within the L2449 intron that are not interrupted by a HEG (HEG-minus RPS3 alleles), whereas the long fragments represent RPS3 genes that are interrupted by a HEG (HEG-plus RPS3 alleles). We sequenced a total of 21 long PCR products to characterize the HEG insertions and also sequenced 11 short PCR products from closely related species to accurately localize the HEG insertion point. In summary, we identified three different HEG insertion sites within RPS3 alleles of ophiostomatoid fungi, all involving double-motif LAGLIDADG HEases ( fig. 2A ). In addition to completely sequencing 21 of the long PCR products, we partially sequenced an additional 10 products, none of which revealed novel insertion sites/HEGs and were therefore not characterized any further. A-type HEG insertions were located in the N-terminal coding region of RPS3 ( fig. 2B) , and B-type and C-type insertions were located within the C-terminal coding region of RPS3 ( fig. 2C  and D) . The C-type insertions are similar to the insertion previously described for O. novo-ulmi subsp. americana (Gibb and Hausner 2005) . In addition, we found one example where an A-and B-type HEG had independently inserted into a single RPS3 gene of Ophiostoma laricis (A/B-type insertion; fig. 2E ). Each of these insertions is described in detail below.
A-Type HEG Insertions Create Bi-ORFic U11 rnl Introns Sequencing of the Ophiostoma piceaperdum strain IP PCR product resolved the size of the mL2449 intron to be 2.914 kb ( fig. 2B ), whereas sequencing of a closely related species Ophiostoma aureum (CBS 438.69; Hausner et al. 1993 ) revealed a 1.6-kb mL2449 intron that lacked an HEG insertion in RPS3. This HEG-minus sequence was used as a reference to determine the insertion point of the HEG in the RPS3 gene of O. piceaperdum. The insertion of the LAGLIDADG HEG within the O. piceaperdum L2449 intron has created two putative ORFs. The first ORF is 1.446 kb, encoding a 482 amino acid fusion protein consisting of the first 189 bp of RPS3 (the N-terminal 63 amino acids) followed by 1.257 kb (419 amino acids) that corresponds to a double-motif LAGLIDADG HEase. The second ORF within the O. piceaperdum U11 intron is separated from the first ORF by a 79-bp spacer region, is 1.041 kb long, and encodes a Rps3 homolog of 347 amino acids. Interestingly, the origin of 79-bp spacer sequence and the first 38-bp sequence of the second ORF (Rps3) in O. piceaperdum are unknown, as similar sequences are not found in the closely related O. aureum RPS3 sequence (or for that matter in any characterized rnl U11 sequence). However, after the novel 39-bp RPS3 N-terminal sequence, the remaining RPS3 sequence in O. piceaperdum is identical to the corresponding RPS3 sequence of O. aureum.
B-and C-Type Insertions Create Mono-ORFic mL2449 Introns
All rnl-U11 regions that yielded PCR products of ;2.4 kb were sequenced and found to contain a group I intron-encoded RPS3 gene plus a single double-motif LA-GLIDADG HEG that was inserted in one of two locations within the RPS3 C-terminal region, herein referred to as the B-and C-type HEG insertions (see fig. 2C and D, table 1). These examples are designated as mono-ORFic as only one RPS3-HEG fusion is present within the intron. The C-type HEG insertion point and the arrangement of the HEasecoding region with respect to the upstream RPS3 coding region is the same as previously described for O. novo-ulmi subsp. americana (Gibb and Hausner 2005) . The newly identified C-type HEG insertions identified in this study are listed in table 1. The C-type HEG insertions are associated with a short direct repeat, 5#-GAAT-3# (table 2) . In addition, 52 bp separates the C-terminal (or 3# end) of the Rps3-HEG fusion from the original RPS3 C-terminus that was displaced downstream by the insertion event; this displaced sequence is likely noncoding (fig. 3) . The source of the 52-bp segment is not known as BlastN searches yielded no significant hits. In each case, the HEG insertion event displaced the original RPS3 C-terminal coding region (see fig. 3 ). However, the effect of the HEG insertion on RPS3 function is negated because the displaced RPS3-coding segment is essentially duplicated to generate a new Rps3 C-terminus. Significantly, we found that 12 of 16 C-type HEGs showed evidence of degeneration caused by indels within the HEase-coding region that resulted in frameshift mutations and premature termination codons.
Three strains of Ophiostoma europhioides (WIN(M) 449, 1430, and 1431), one strain of Leptographium pithyophilum, and two strains of L. truncatum (WIN(M) 254 and 1434) were noted to have a single HEG insertion, referred to as the B site that is located about 28 bp upstream of the C insertion site (see fig. 2C and table 1) . The O. europhioides, L. pithyophilum, and L. truncatum sequences were compared with each other's rnl U11 region including the RPS3-HEG-minus O. aureum U11 sequence. Comparative analysis showed that within this group, the HEG is inserted such that the original C-terminus (45 bp) of the resident RPS3 gene is displaced downstream from the resultant RPS3-HEG fusion. As observed for the C-type HEGs, the B-type HEG insertions are also associated with duplications of the displaced RPS3 C-terminal sequences ensuring that the RPS3-coding regions remain intact. Similar to C-type insertions, the C-terminal (or 3# end) of the RPS3 HEG-coding region is separated from the original RPS3 C-terminus that was displaced by the insertion event ( fig. 3) . However, the spacer sequence is only 4 or 5 bp (figs. 2C and 3), as opposed to the longer 52-bp spacer associated with C-type insertions. Furthermore, the spacer sequences show no similarity to any other rnl-U11 sequence, suggesting that these sequences were introduced during the HEG insertion event. For B-type insertions, three HEase ORFs appear intact, whereas four possess indels and missense mutations resulting in premature stop codons (table 1). The upstream RPS3-coding regions in all cases were always noted to be intact, that is, no premature stop codons.
Independent Insertion of Two LAGLIDADG HEGs in a Single RPS3 Gene A variation of the O. piceaperdum mL2449 intron ORF arrangement was noted in a strain of O. laricis (WIN(M) 1461) (fig. 2E) . Here, the resident RPS3-coding region was invaded independently by two double-motif LAGLIDADG-type HEGs, creating two hybrid fusion ORFs. One HEG insertion is an A-type insertion, where the HEG is fused in-frame to the N-terminus of the original RPS3 ORF. The second HEG insertion is a B-type insertion, where the HEG is fused in-frame to the C-terminus of the RPS3-coding region. However, both HEGs are characterized by frameshift mutations, suggesting that they have degenerated. In both Rps3-HEG fusions, the RPS3-coding regions are upstream of the HEase-coding segments, implying that frameshift mutations within the HEGs should not directly affect the translation of Rps3. The two Rps3-HEG fusion ORFs are separated by a 36-bp sequence that lacks similarity to U11 region/intron sequence, and the second ORF starts with a 38-bp segment that may represent a new Rps3 N-terminus, similar to the situation described for A-type insertions in O. piceaperdum (see fig. 2B ). In summary, the resident RPS3 gene has essentially been split such that the N-and C-termini are now components of two ORFs that each includes a LAGLIDADG HEase.
Phylogenetic Analysis of the LAGLIDADG HEGs Inserted in RPS3 Genes
A BlastP search identified double-motif LAGLI-DADG HEases related to those we identified in this study. To analyze the evolutionary relationships among the HEGs, the sequences were combined into a single alignment and analyzed by a variety of phylogenetic methods ( fig. 4A and  B) . In particular, we were interested in determining if the double-motif HEGs identified in our study fit the model that suggests that double-motif LAGLIDADG HEGs evolved by a gene-duplication event of a single, ancestral LAGLI-DADG motif type HEG. When the LAGLIDADG ORFs were treated as separate components (Sethuraman et al. 2008 ; N-terminus including P1 and rA; C-terminus including P2 and rB), phylogenetic analyses yielded evolutionary trees that grouped the N-and C-terminal sequences into separate clades ( fig. 4B ). This tree topology is that expected if the two halves of the LAGLIDADG sequences originated by a gene duplication event . A similar finding was made when the HEGs were treated as a continuous sequence; they grouped into three distinct clades ( fig. 4A ). Both phylogenetic analyses suggest that the C-terminally inserted HEGs (sites B and C) share a recent common ancestor and are distantly related to the Atype HEG that inserted in the N-terminus of RPS3 gene. Group I intron-encoded LAGLIDADG ORFs recovered from Genbank by BlastP analysis failed to identify a potential intron-encoded ancestor for the RPS3 HEGs discovered in this study, whereas the previously described HEG inserted within the C. parasitica RPS3 gene appears to be related to the C-type HEGs identified in species of Ophiostoma (including Leptographium) species.
The RPS3 Host Gene Phylogeny Suggests Vertical Rather Than Horizontal Inheritance To determine the phylogenetic relationship among the host RPS3 genes, and to test for horizontal transfer of RPS3 and HEG genes, we extracted related RPS3 sequences from GenBank representing two major groups within the Pezizomycotina: the Eurotiomycetes and the Sordariomycetes (Blackwell et al. 2006 ). In total, 47 RPS3 sequences were compiled of which our study generated 33 new RPS3 sequences for meiotic and mitotic members of the genus Ophiostoma sensu lato. The phylogenetic analysis of the RPS3 data ( fig. 5 ) yielded a tree that essentially reflects the expected relationships based on previous rDNA studies of the various ascomycetous taxa examined in this study (Hausner et al. 1993 (Hausner et al. , 2000 . Furthermore, although RPS3 is encoded within a potentially mobile group I intron, and in some instances the RPS3 ORF is associated with potentially mobile HEGs, the comparison between the RPS3 and the HEG trees provides no evidence that the RPS3 gene has been transferred horizontally. Comparative phylogenetic analysis of RPS3 sequences with their corresponding HEGs failed to show evidence for recent lateral transfers of either the HEG or RPS3 sequences, as the phylogenetic trees observed appeared to be congruent for both the RPS3-and HEase-coding regions (data not shown).
I-OnuI and I-LtrI Are Functional LAGLIDADG Enzymes That Cleave at or Near the HEG Insertion Site
Phylogenetic analysis showed that the B-and C-type RPS3 HEGs may share a common ancestor. We focused on two HEG insertions, a B-type HEG in the RPS3 gene of L. truncatum strain WIN(M) 254 and a C-type HEG in the RPS3 gene of O. novo-ulmi subsp. americana strain WIN(M)900. Previous work based on comparative sequence analysis suggested that for the C-type RPS3 insertion, a GAAT sequence is a logical candidate as a cleavage and insertion site (Gibb and Hausner 2005) . However, for the B-type RPS3 insertions, potential cleavage-insertion sites were not as apparent; thus, the HEase was characterized with regard to its cleavage site within the RPS3 gene. The cleavage site assays also determined whether the LA-GLIDADG HEases inserted within the C-terminus of the RPS3 gene are functional.
In order to characterize each HEase, we initially synthesized two gene constructs for each HEase for use in overexpression studies. One construct included the entire RPS3-HEG fusion, whereas a second construct corresponded to the LAGLIDADG endonuclease portion of the RPS3-HEG fusion. In each case, the genetic code was optimized for expression in E. coli. Although both proteins expressed well, the Rps3-HEG fusion did not bind to nickel-charged resin, whereas the HEG-only construct was readily purified by nickel-affinity and gel-filtration chromatography ( fig. 6A) .
For the C-type HEG, purified HEase was incubated with plasmid substrate (pRPS3) containing a cloned RPS3-HEG-minus allele (source: O. novo-ulmi subsp. americana strain WIN(M) 904). As shown in figure 6B , circular pRPS3 was linearized after addition of the purified HEase ( fig. 6B, lanes 3-5) . In contrast, no cleavage was observed by the HEase with a substrate that corresponded to HEG-plus allele (pRPS3/HEG), or a substrate containing a different group I intron-encoded ORF (mL1699 ORF;-pU7-1409) ( fig. 6B ). In accordance with standard nomenclature for HEases, we have named the endonuclease I-OnuI.
The I-OnuI cleavage sites were mapped by incubating the enzyme with end-labeled substrate that included the predicted I-OnuI insertion site. By resolving the cleavage products next to corresponding DNA sequencing ladders, the I-OnuI cleavage site was mapped to positions 1214 and 1210 on the coding and noncoding strands, respectively, of the O. novo-ulmi subsp. americana (WIN(M) 904) RPS3 gene ( fig. 6C and D) . These nucleotide positions correspond to the 5#-GAAT-3# sequence previously noted to form a 4-bp direct repeat flanking the HEG insertion site (figs. 3 and 6D, table 2). Similarly, the I-LtrI cleavage sites were mapped as for I-OnuI, except the cleavage site substrate was derived from an RPS3-minus HEG allele obtained from L. truncatum strain WIN(M)1435. For I-LtrI, the data show that the HEase generated a 3# 4 nt overhang (GTAT; fig. 7 ). Based on comparative sequence analysis, the insertion site for I-LtrI is 1 bp upstream from the 4-bp cleavage site, that is, 5#. . .GT[HEG]C[GTATYAGGA. . .3#, where [ and Y denotes the bottom-and top-strand cleavage sites, respectively (see fig. 7 ).
Discussion
The RPS3 Locus: a Refuge for LAGLIDADG HEGs
In the mitochondrial genomes of fungi, nonessential mobile elements, such as group I introns and HEGs, have successfully proliferated and in some instances comprise a significant percentage of the mtDNA, in spite of providing no apparent function to the host (Cummings et al. 1990; reviewed in Hausner 2003) . In this work, we focused on the U11 region of the rnl gene that in many filamentous ascomycetes fungi is interrupted by a group I intron at position 2449 (mL2449). Encoded within the mL2449 intron of some ascomycete fungi is the gene for RPS3, which appears to be functional and incorporated into the mitochondrial ribosomes (LaPolla and Lambowitz 1981; Burke and RajBhandary 1982; Lambowitz et al. 1999; reviewed in Hausner 2003) . In other fungi, RPS3 is not intron encoded FIG. 5.-Phylogenetic relationships among 47 mL2449 intron-encoded Rps3 amino acid sequences. Tree topology is based on a 50% majority consensus tree generated using Bayesian analysis (Ronquist et al. 2003; Ronquist 2004) . Among the 34 Ophiostoma and Leptographium Rps3 sequences used, 24 had HEG insertions and 11 sequences (denoted by *) had no HEG insertions. Rps3 sequences marked with (þ) had remnants of degenerate LAGLIDADG ORFs and were not included in the HEG phylogenies ( fig. 4A and B) . Nodes, with regard to statistical support, were labeled as in figure 4 . On the right side of the phylogenetic tree is a table indicating the presence/absence of HEGs inserted in RPS3 genes for each species. The sizes of the IP1/IP2 PCR products obtained are indicated (short [S] 5 1.55 kb and long [L] . 2.4 kb). L indicates the presence and S the absence of HEGs within RPS3. The HEG insertion positions are indicated by either A, B, or C (see fig. 2 ). Any evidence for ORF degeneration (i.e., premature stop codons, frameshift mutations) is indicated by YES and the absence of degeneration by NO. and found as a free-standing ORF or missing altogether (presumably nuclear encoded; Bullerwell et al. 2003) . Interestingly, the RPS3 gene itself has been invaded by mobile elements, as previous studies showed that the intron-encoded RPS3 genes of C. parasitica (Hausner et al. 1999) and O. novo-ulmi subsp. americana (Gibb and Hausner 2005) are interrupted by putative LAGLI-DADG HEGs, creating an apparent Rps3-HEG fusion protein. To gain an insight into the pervasiveness and functional consequences of HEG insertions into the RPS3 gene, we performed a systematic PCR-based survey on 119 additional ophiostomatoid fungi to identify the extent and types of HEG insertions. In summary, 21 strains were sequenced that were positive by PCR screening for the presence of HEGs, revealing three different positions within the RPS3 gene that were invaded by HEGs. These insertions are referred to as A-, B-, and C-type insertions, respectively.
Complex organization of RPS3 genes has also been described in other biological systems. For example, in many Angiosperms, the mitochondrial RPS3 gene is interrupted by a group II intron (Laroche and Bousquet 1999) . A more dramatic example is found in Dictyostelium discoideum where the mtDNA RPS3 gene is split and both the 5# and 3# segments are fused to separate ORFs of unknown function (ORF425 and ORF1740, respectively) (Iwamoto et al. 1998) . Collectively, these data suggest that RPS3 is a hotspot for insertion of mobile elements and that RPS3 can tolerate insertions that rearrange the coding region with (presumably) little effect on Rps3 function.
Although it is unknown how the RPS3 gene was inserted into the mL2449 group I intron in fungi, such an arrangement may offer several advantages. This configuration ensures that the RPS3 gene and ribosomal RNA are cotranscribed, yielding stoichiometric amounts of both components necessary for ribosome biogenesis. Although it is very likely that the rns and rnl transcripts are under the control of different promoters (Kubelik et al. 1990 ), one would assume that both types of rRNAs are produced at similar levels; thus, the rnl intron-encoded rps3 ORF should be produced in similar amounts to the rns RNA. However, significant RNA processing of the rnl transcript must occur, to both generate a functional rnl rRNA and liberate the group I intron, ultimately yielding a translatable mRNA. In this context, it is interesting to consider a possible link between intron splicing and RPS3 expression. For instance, the HEase I-SceI is encoded within a group I intron that is inserted at position 2449 of the S. cerevisiae rnl gene,and it has been suggested that rRNA processing and splicing of the intron plays a role in maturation of the 3# end of the I-SceI mRNA (Zhu et al. 1987; Gillha et al. 1994; Johansen et al. 2007 ). The intron-encoded RPS3 ORFs (including the RPS3-HEG fusions described here) are located in the P8 loop of the group I intron RNA, as is I-SceI, so expression of the RPS3-HEase ORFs may depend in part on the splicing of the intron generating appropriate mRNAs for translation.
Consequences of the HEG Insertions on RPS3 Structure and Function
As is the case with many mobile intron and endonuclease insertion sites, the HEG insertion sites in RPS3 described here correspond to highly conserved regions of the N-and C-terminal regions of Rps3 ( fig. 8A and B) . These observations are consistent with the A-, B, and C-type HEGs targeting conserved sequences to ensure homing to related organisms that possess HEG-minus RPS3 alleles ( fig. 2 ). RPS3 orthologs from divergent species are notoriously difficult to align at the amino acid level, but two conserved regions have been identified. The N-terminal region is a KH RNA-binding domain (pfam00417) connected by a linker region to a well-conserved C-terminal domain (pfam00189). The B-and C-type HEGs are inserted in loop or nonstructured regions of the Rps3 protein, rather than in well-defined regions of secondary structure ( fig. 8C ). Crystal structures of the 30S small subunit ribosome show that Rps3 makes multiple contacts to helices in the small rRNA and to other ribosomal proteins (Wilson and Nierhaus 2005; supplementary fig. 8D , Supplementary Material online). Previous biochemical studies in E. coli have found that Rps3 binds to the small ribosomal subunit at a late step of ribosome biogenesis to aid in the assembly of additional ribosomal proteins. Moreover, the mitochondrially encoded Rps3 of N. crassa was shown to be ribosome associated (LaPolla and Lambowitz 1981) . Thus, our data showing that RPS3 has been invaded multiple, independent times by LA-GLIDADG endonucleases raise the obvious question of the effect of the insertions on Rps3 structure and function. In the case of the B-and C-type insertions, the effect of the HEG insertion on RPS3 is likely to be minimal because the C-terminal coding region of Rps3 that is ''displaced'' is ''duplicated'' and fused in-frame to the 3# end of the RPS3 gene ( fig. 3 ). Thus, a B-or C-type insertion is defined as the duplicated region of the 3# end of RPS3 plus the HEasecoding region ( fig. 3) . The original 3# end of the RPS3 gene is now separated from the RPS3-HEG fusion by a stop codon and is presumably noncoding. For each insertion, the duplicated 3# RPS3 nucleotide sequence is not identical to the displaced RPS3 sequence, but all changes result in conservative amino acid replacements with probably little or no overall effect on Rps3 function. Regardless of the insertion type, the consequence of the B-and C-type insertions is an Rps3 protein where the HEG is fused to the C-terminus. Many examples exist where intron-encoded LAGLIDADG ORFs are fused in-frame to upstream exons (Cummings et al. 1989; Gonzalez et al. 1998) . The expression of these ORFs is thought to involve proteolytic processing of the chimeric translation products, possibly by the m-AAA protease (Arlt et al. 1998; Van Dyck et al. 1998; ) . Such a mechanism could possibly explain how a functional Rps3 protein would be generated in the case of B-and C-type HEGs at the extreme C-terminus of Rps3. Alternatively, the Rps3-HEG fusion may be assembled into the 30S ribosome subunit without any posttranslational processing.
Free-standing HEG-like elements reminiscent of those discussed here have been described in Allomyces macrogynus and other chytridiomycetes and zygomycetes fungi. In these fungi, HEG-like sequences are inserted within the mtDNA atp6 gene (Paquin et al. 1994; Seif et al. 2005 ). For instance, in A. macrogynus, the element (ORF 360) encodes a GIY-YIG HEase that is a separate ORF downstream of the 3# end of the atp6 gene (Paquin et al. 1994) . However, the sequence data show that the HEG insertion resulted in a new C-terminus for the atp6 gene as the original resident C-terminus was displaced downstream and is now noncoding. These characteristics are remarkably similar to the RPS3 insertions described here, as the GIY-YIG HEG not only inserted into the atp6 gene but also brought along a new atp6 C-terminus, fused in-frame to the resident atp6, to compensate for the displacement of the original C-terminus (Paquin et al. 1994; Paquin and Lang 1996) . In either of the RPS3 or atp6 cases, the molecular mechanism(s) that duplicated the displaced hostgene sequence upon insertion of the HEG to restore the C-terminal region of Rps3 or Atp6 is unknown, but clearly must involve illegitimate recombination.
However, for the two A-type insertions that interrupt the N-terminus of Rps3, the situation is far more complex as the RPS3 genes have been effectively split into two halves ( fig. 2) . The first A-type HEG insertion creates two Homing Endonucleases Targeting the mtDNA RPS3 Gene 2311 independent ORFs: one ORF where the N-terminal 63 amino acids of Rps3 is fused to the HEG-coding region, followed by a second ORF consisting of the C-terminal component of the RPS3-coding region. The second A-type HEG insertion we identified is accompanied by a B-type HEG insertion ( fig. 2E) . Here, the N and C terminal-coding regions of RPS3 are components of two separate fusion ORFs, one including an A-type HEG and the other a B-type HEG, respectively. It is difficult to envision how RPS3 function is maintained in these cases, but it is possible that each fusion ORF is independently translated, and RPS3 function is restored by the fusion proteins interacting posttranslationally to reconstitute an active protein. A detailed transcriptional analysis of the RPS3 A-type HEG insertions may provide clues as to how the two RPS3 containing ORFs are expressed.
Introns with two ORFs have been characterized for the P. anserina nad1-i4 intron ). The situation is somewhat different to that described here, as the group I intron is inserted within a protein-coding gene (nad1) and the first intron ORF (orf1) is a LAGLI-DADG-type HEase fused to the upstream nad1 exon, whereas the second independent intron ORF encodes a putative GIY-YIG HEase. Belcour (1994, 1997) showed that translation of the second ORF requires alternative mRNA-splicing events that bring the second ORF in-frame with the upstream exon. It is difficult to envision a similar alternative splicing event for expression of the second RPS3 ORF within the bi-ORFic mL2449 introns, because alternative splicing would join the RPS3 mRNA to an rRNA transcript that is not a substrate for translation. Unfortunately, little is known about cis-acting regulatory sequences involved in mtDNA transcription and translation in filamentous ascomyetes fungi.
An alternative explanation regarding the effect of the HEG insertions on RPS3 structure and function is that they are of little consequence, as nuclear copies of RPS3 or functionally equivalent ribosomal proteins may exist (Bonen and Calixte 2006) . Many fungi do not encode any ribosomal proteins in the mitochondrial genome, the corresponding genes for which have presumably been transferred to the nucleus. There is also the possibility of heteroplasmy, where additional HEG-minus RPS3 alleles exist on other mitochondrial chromosomes within an individual. However, in samples that were HEG positive, we only observed a single PCR product corresponding to the HEG-containing allele, suggesting the presence of a single mtDNA genotype. Moreover, if the HEG-containing RPS3 alleles we described are not essential, the observations that all B-and C-type HEG insertions occurred such that the 3# region of RPS3 is duplicated to restore a complete ORF would be unexpected. Furthermore, nonfunctional copies of RPS3 would rapidly degenerate, whereas, as discussed below, we only observed degeneration of the HEG-coding region. Moreover, we calculated the ratio of nonsynonymous (K a ) to synonymous (K s ) amino acid substitutions for RPS3 using a codon-based nucleotide alignment derived from 36 species and found the K a /K s ratio to be consistently above 1.0, suggesting purifying selection for maintenance of function (Sethuraman J, data not shown).
Vertical Transmission and Degeneration Define the Evolutionary History of RPS3-Associated HEGs LAGLIDADG HEases are found in two forms: a single-LAGLIDADG motif that dimerizes and double-motif forms derived from a gene fusion event between two monomeric forms. Sequence analysis indicates that all of the HEGs inserted into RPS3 are of the double-motif form, and phylogenetic analysis showed that N-and C-terminal domains formed separate clades, consistent with the evolution of double-motif LAGLIDADG endonucleases originating by gene duplication and fusion of a single-motif endonuclease. A significant finding from our phylogenetic analyses was that the B-and C-type HEGs are monophyletic, and the A-type HEGs were not related to the latter two types. This relationship suggests that a single ancestral HEG (or variants thereof) invaded one of the two HEG insertion sites that we have identified within the C terminal-coding region of the RPS3 gene. Invasion of ectopic sites may have been facilitated by the relaxed requirement for substrate sequence symmetry that is characteristic of the double-motif LAGLIDADG enzymes as compared with the single-LAGLIDADG motif enzymes. Subsequent to the origin of HEG insertions in RPS3, our phylogenetic analyses are consistent with a vertical mode of inheritance, as opposed to horizontal or lateral transfer of the HEGs, as HEG and RPS3 trees are essentially congruent for the B-and C-type insertions. Moreover, we noted many examples of HEGs that contained frameshift and missense mutations resulting in premature stop codons that likely render these HEGs nonfunctional; only 4 of 14 C-type and 3 of 7 B-type HEG insertions have what appear to be intact ORFs. The sequence data show that the combination of RPS3 genes fused with degenerate HEGs are more frequent than the combination of RPS3 genes fused with intact and presumably active HEGs. HEG-like elements that spread vertically through a population can be subjected to a slow degenerative process due to a lack of natural selection on a neutral genetic element (Goddard and Burt 1999; Gogarten and Hilario 2006) . Experiments were conducted to observe whether the HEGs we identified are mobile during sexual crosses. Suitable HEGþ and HEGÀ strains with appropriate mating types were selected but, despite conducting reciprocal crosses, all the resulting progeny lacked RPS3-HEG elements. Additional experiments with more stringent conditions to ensure that self-mating is not occurring are required to distinguish the parental mtDNA genotypes to aid in the identification of progeny that inherit HEGs during mating.
In addition to the phylogenetic evidence indicating that the B-and C-type HEGs follow a primarily vertical mode of inheritance, we have demonstrated that one B-type HEG, I-LtrI, and one C-type HEG, I-OnuI, possess characteristics typical of LAGLIDADG HEases (figs. 6 and 7). The B-type cleavage site is 28 bp upstream of the C-type cleavage site and the data show that the I-LtrI HEase generates 4-nt 3# overhangs, and the corresponding HEG is inserted 1 bp upstream of the 4-bp cleavage site. This is in contrast to I-OnuI that cleaves HEG-minus RPS3 alleles at the site of the HEG insertion, generating 4-nt 3# overhangs. The cleavage mapping data showing that I-OnuI and I-LtrI target the RPS3 gene imply that the HEases do not promote mobility of the mL2449 group I intron in which RPS3 is embedded. Instead, our data are consistent with I-OnuI and I-LtrI promoting their own mobility between alleles of RPS3 that lack the HEG insertion. It is also worth noting that, based on known characteristics of recognition sites of LAGLIDADG endonucleases, the I-OnuI recognition site is likely to encompass sequence of both the RPS3-coding region and the noncoding group I intron.
Mobility pathways of HEases have been well characterized in a number of systems, and all rely on DSBR pathways of the host organism, a hallmark of which is coconversion of nucleotide sequence flanking the insertion site (Cho and Palmer 1999) . Analysis of sequence surrounding the B-and C-type insertion sites failed to reveal obvious coconversion tracts between HEG-minus and HEG-containing strains that would be expected if I-OnuI and I-LtrI utilized DSBR pathways for mobility. Lack of coconversion tracts might not be unexpected, however, given that many of the HEGs we identified show obvious signs of degeneration and are probably not mobile.
An intriguing aspect of the C-type insertions is the presence of direct repeats that flank the HEG, which in the case of I-OnuI is 5#-GAAT-3#. The presence of the direct repeats flanking the HEG insertion has not been observed previously and is not compatible with the current models for HEG homing. Assuming that both GAAT repeats are actually host-gene sequences, a site-specific recombination mechanism might explain the origin of the direct repeats, analogous to that observed during mobility of cut-and-paste transposons where staggered cuts are filled in to generate direct repeats. However, no such pathway has yet been demonstrated for HEG homing or transposition. The second possibility is that the upstream GAAT sequence is part of the ''new Rps3 terminus'' sequence the HEG brought along during the homing-recombination event to ensure that the HEG insertion minimizes their impact on the function of the host gene. The latter may be a more likely scenario as the phylogenetically related B-type HEGs are not associated with direct repeats (table 2) . Another question to be addressed in future work is how two families of HEase that are derived from a common ancestor (the B and C-type HEGs) evolved to target two closely spaced but different regions within the RPS3 gene. Clearly, for HEGs to persist and spread into new sites within a genome, HEGs must evolve the ability to bind and cleave at new sites. The elements presented in this work may offer a useful model system to examine the molecular basis that facilitated invasion of new sites by two closely related LAGLIDADG HEGs, possibly by identification of key amino acids that change DNA specificity within a relatively short evolutionary time frame. Moreover, our data support the findings of showing that double-motif LAGLI-DADG-type HEGs evolved from a duplication event of a single-motif LAGLIDADG HEG that were subsequently successful in spreading to new genomic insertion sites.
Conclusion
Fungal mitochondrial genomes are a haven for mobile genetic elements, as evidenced by the large number of group I and II introns characterized to date. Our data, and that of previous studies, suggest that the HEGs inserted into RPS3 may represent a distinct class of mobile elements that are defined by the presence of duplicated segments of the host gene that restore gene function, minimizing the impact of the HEG insertion on gene function. Although our data indicate that the HEGs we describe here are typical HEases, the initial insertion within the RPS3 gene must have arisen by an illegitimate recombination event. Both the initial insertion event and subsequent spread of the element by typical homing pathways have the potential to influence the evolution of functionally critical genes by generation of new alleles.
Supplementary Material
Supplementary table 1S and figure 8D are available at Molecular Biology and Evolution online (http://www. mbe.oxfordjournals.org/).
